Campylobacter jejuni is a food-borne bacterial pathogen that colonizes the intestinal tract and causes severe gastroenteritis. Interaction with host epithelial cells is thought to enhance severity of disease, and the ability of C. jejuni to modulate its metabolism in different in vivo and environmental niches contributes to its success as a pathogen. A C. jejuni operon comprising two genes that we designated fdhT (CJJ81176_1492) and fdhU (CJJ81176_1493) is conserved in many bacterial species. Deletion of fdhT or fdhU in C. jejuni resulted in apparent defects in adherence and/or invasion of Caco-2 epithelial cells when assessed by CFU enumeration on standard Mueller-Hinton agar. However, fluorescence microscopy indicated that each mutant invaded cells at wild-type levels, instead suggesting roles for FdhTU in either intracellular survival or postinvasion recovery. The loss of fdhU caused reduced mRNA levels of formate dehydrogenase (FDH) genes and a severe defect in FDH activity. Cell infection phenotypes of a mutant deleted for the FdhA subunit of FDH and an ⌬fdhU ⌬fdhA double mutant were similar to those of a ⌬fdhU mutant, which likewise suggested that FdhU and FdhA function in the same pathway. Cell infection assays followed by CFU enumeration on plates supplemented with sodium sulfite abolished the ⌬fdhU and ⌬fdhA mutant defects and resulted in significantly enhanced recovery of all strains, including wild type, at the invasion and intracellular survival time points. Collectively, our data indicate that FdhTU and FDH are required for optimal recovery following cell infection and suggest that C. jejuni alters its metabolic potential in the intracellular environment.
C
ampylobacter jejuni is a major cause of bacterial gastroenteritis worldwide. Up to 1% of the population in developed countries is diagnosed with acute campylobacteriosis each year, with the incidence of disease estimated to be even higher in developing nations (9, 38, 73) . Human infection with C. jejuni causes severe watery to bloody diarrhea, abdominal cramps, and fever (9) and can also lead to more serious secondary sequelae such as GuillainBarré syndrome and inflammatory bowel disease (10, 34, 49, 87) . Despite its prevalence, much less is known about the pathogenesis mechanisms of C. jejuni compared to other enterics, such as Salmonella spp. Furthermore, antibiotic treatment, typically required by immunocompromised individuals to clear C. jejuni infection, has been complicated by the rise and proliferation of strains resistant to macrolides (1) and fluoroquinolones (68) . New genetic and molecular insights into physiological and pathogenic properties of C. jejuni are necessary to increase our understanding of disease etiology and abet the development of novel treatment strategies.
Although a pathogen in humans, C. jejuni is a natural zoonoses, commensally colonizing the intestinal tracts of avian and other animal hosts. Transmission of C. jejuni to humans can occur by drinking contaminated water or milk and, more frequently, via contaminated poultry products mishandled during the food preparation process (2, 7, 16, 41) . A number of C. jejuni factors are known to be required for chicken colonization. These include the bipolar flagella (8, 28, 72) and several regulatory proteins controlling diverse processes (11, 35, 44, 57-59, 61, 71, 83) . A number of recent studies have also demonstrated the importance of C. jejuni factors modulating metabolism and physiology during the colonization of animal hosts. These include nutrient utilization systems such as the cj0480c-cj0490 operon, allowing C. jejuni to use L-fucose as a growth substrate (69) ; aspartase, which converts aspartate into both a carbon source and fumarate for respiration (27); and gamma-glutamyl transpeptidase, which converts glutathione into amino acids and glutamine into glutamate, each of which in turn can be used for growth (5, 31) . Chicken colonization defects were also observed in gluconate dehydrogenase (56) and hydrogenase (hydB) (81) mutant backgrounds, indicating the importance of gluconate and hydrogen gas, respectively, as electron donors in vivo. Formate dehydrogenase (FDH) also donates electrons to the electron transport chain in C. jejuni. Electrons liberated from formate by FdhA in the periplasm are passed to the iron/sulfur-containing protein FdhB and then to the cytochrome b-containing FdhC subunit; FdhD is also required for FDH activity, but its precise role is not known. Analyses of C. jejuni fdhA and fdhD mutants have implicated a role for FDH in chick colonization, survival at a low pH, and the induction of pathogenesis in a gnotobiotic mouse disease model (6, 14, 63, 81) .
The ability of C. jejuni to adhere to, invade, and survive inside host cells correlates with disease severity, and as such these properties are used as in vitro markers of virulence (4, 20, 39, 65, 86) . Flagellar motility has been shown to be important in invasion (85) , as has the fibronectin-binding protein CadF, which was re-cently shown to be involved in host cell membrane ruffling (19) . As with colonization, work investigating fundamental aspects of C. jejuni physiology and stress survival has also revealed roles for these properties in invasion and/or intracellular survival. Examples of factors modulating both fundamental properties and affecting host cell interactions include SorA, a sulfite-cytochrome c oxidoreductase that allows C. jejuni to use sulfite as an electron donor (51, 75) ; AspA and AspB catalyzing fumarate production (53); Cj0952c, which affects chemotaxis toward formic acid (74) ; PaqPQ, involved in amino acid uptake (42); FeoB, which is important for ferrous iron acquisition (52) ; and SodB, required for detoxification of reactive oxygen intermediates (53, 60) . Mutants in several global regulators modulating aspects of physiology and/or stress survival also exhibit invasion and/or intracellular survival defects. These include SpoT, which controls the stringent response (25); the posttranscriptional regulator CsrA (23); HspR, which negatively regulates the heat shock response (3); and Cj1556, which was recently shown to be a MarR family transcriptional regulator modulating oxidative and aerobic stress responses (29). These findings are consistent with another study suggesting that C. jejuni undergoes global physiological shifts in the intracellular environment (80) and further underscore the need to better understand this aspect of C. jejuni pathogenesis.
The availability of several C. jejuni genome sequences has lent insight into some aspects of C. jejuni biology such as the presence of multiple surface polysaccharide loci, homopolymeric tracts influencing phase variation, and metabolic differences between strains (32, 59). However, canonical virulence factors such as type III secretion systems were not identified, frustrating in silico efforts to elucidate additional factors involved in host cell interactions. In silico analyses also revealed that, unlike Salmonella spp., in which ϳ2% of the genome is dedicated to two-component signal transduction (TCS) system components, TCS genes comprise Ͻ1% of the C. jejuni genome. This suggests that other regulatory mechanisms and/or elements are necessary for C. jejuni to navigate its diverse environments, including those encountered inside cells.
A microarray-based screen to identify C. jejuni genes with enhanced expression during cell infection previously identified SpoT, PaqPQ, and the TCS CprRS as important for various aspects of the pathogen-host cell interaction (25, 42, 71) . Also upregulated were two other uncharacterized genes, designated cj1500 and cj1501 in the first sequenced C. jejuni strain, 11168, and CJJ81176_1492 and CJJ81176_1493 in the virulent, invasive strain 81-176 used in our laboratory. We have designated these genes fdhT (CJJ81176_1492) and fdhU (CJJ81176_1493) based on data presented below describing their function as a putative regulator and transmembrane protein required for FDH activity. As described below, we found that fdhT, fdhU, and fdhA were important for C. jejuni recovery after infection of human epithelial cells but not for adherence, invasion, or intracellular survival per se. Microarray, reverse transcription-quantitative PCR (RT-qPCR), biochemistry, and double-mutant analyses suggest that the effect of FdhU on FDH activity was responsible for FdhU effects on host cell interactions. Supplementation of growth medium used for post-cell-infection recovery with sulfite rescued the defects observed for ⌬fdhU and ⌬fdhA mutants and enhanced the recovery of wild-type (WT) C. jejuni. These findings establish roles for each of these genes in an underexplored aspect of the pathogen-host cell interaction.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All experiments were performed using the C. jejuni strain 81-176 background. All strains were grown in/on Mueller-Hinton (MH) broth (Oxoid, Ltd.) or agar plates at 38°C in a standard C. jejuni growth atmosphere of 6% O 2 and 12% CO 2 generated using a Sanyo Tri-Gas incubator (for plate growth) or using the Oxoid CampyGen system (for shaking broth cultures). All media used to culture C. jejuni were supplemented with 10 mg of vancomycin (Toku-E)/ml and 5 mg of trimethoprim (Sigma)/ml and is referred to hereafter as MH medium. Where appropriate, MH medium was supplemented with 50 g of kanamycin (Toku-E)/ml, 30 g of chloramphenicol (Sigma)/ml, or 20 mM sodium sulfite (Sigma). All genetic manipulations were performed in E. coli DH5␣ cells grown on LB plates or broth (Sigma) supplemented with 100 g of ampicillin (Sigma)/ml, 25 g of kanamycin/ml, or 30 g of chloramphenicol/ml.
Construction of ⌬fdhU, ⌬fdhT, ⌬fdhA, and ⌬fdhU ⌬fdhA mutants and ⌬fdhU C and ⌬fdhT C (complemented) strains. All enzymes used for generation of C. jejuni mutant and complemented strains were purchased from New England Biolabs. The primers used are listed in Table S1 in the supplemental material. PCR amplification of fdhT, fdhU, and fdhA was performed with the fdhT-Fw/fdhT-Rv, fdhU-FW/fdhU-Rv, or fdhA-Fw/ fdhA-Rv primer pairs, respectively, using iProof DNA polymerase. Purified PCR fragments were poly(A) tailed using Taq DNA polymerase and ligated into the pGem vector (plasmids used in the present study are listed in Table S2 in the supplemental material). Generation of unique internal restriction sites in fdhU was performed by inverse PCR using the primers fdhU-iPCR-Fw and fdhU-iPCR-Rv to introduce XbaI sites. fdhT has an endogenous XbaI site, and fdhA has an endogenous PstI site. The nonpolar aphA-3 cassette encoding a kanamycin resistance gene (55) was digested out of plasmid pUC18K-2 using XbaI and ligated into XbaI-digested fdhU inverse PCR product and pGem-fdhT. fdhA was disrupted with the aphA-3 kanamycin resistance cassette or the CAT chloramphenicol resistance cassette. For generation of the aphA-3 disruption construct, pGem-fdhA was digested with PstI, and XbaI-digested aphA-3 was ligated into pGem-fdhA as described above. For generation of the CAT disruption construct, pGem-fdhA was digested with PstI and treated with the Klenow fragment to blunt end the DNA. The CAT cassette was digested out of plasmid pRY109 (84) with SmaI and ligated into pGem-fdhA. All ligations were transformed into DH5␣, colonies were screened by PCR, and plasmids from positive clones were purified. C. jejuni was naturally transformed with each plasmid and plated on MH agar supplemented with kanamycin or chloramphenicol for 48 h to recover colonies. PCR and sequencing confirmed correct insertion in the chromosome by homologous recombination. All experiments were conducted with the aphA-3-disrupted strains except for double mutant analysis which required the use of CAT-disrupted ⌬fdhA. The ⌬fdhU ⌬fdhA mutant was constructed by isolating genomic DNA from the CAT-disrupted ⌬fdhA strain, transformation into the aphA-3-disrupted ⌬fdhU strain, and selection on chloramphenicol. The presence of both mutations was confirmed by PCR and sequencing. All C. jejuni strains used in the present study are listed in Table S3 in the supplemental material.
Complementation was achieved by amplification of fdhT and fdhU using the primer pairs fdhU-C-Fw/fdhU-C-Rv and fdhT-C-Fw/fdhT-CRv, respectively, which also introduced a PstI site into the 5= end and a MfeI site to the 3= end of each gene. PCR products were digested with PstI and MfeI and purified. The genomic integrative plasmid pRRC (36) was digested with MfeI and XbaI and ligated with the digested fdhU and fdhT complemented fragments. The plasmids were transformed into DH5␣ and selected on chloramphenicol. Colonies were screened by PCR, and plasmids from positive clones were purified and used to transform C. jejuni ⌬fdhU and ⌬fdhT mutants by natural transformation. Insertion of fdhT or fdhU in the rRNA spacer regions was confirmed by PCR using the primers ak233, ak234, ak235 and ak237.
Generation of cDNA for microarray and RT-PCR analyses. Overnight C. jejuni cultures were diluted to an O.D. 600 of 0.05. Bacteria were harvested either at mid-log phase (for RT-PCR) or after 3, 6, 9, and 12 h (for microarray and RT-qPCR) and immediately placed into 10X stop solution (95% ethanol plus 5% phenol) on ice prior to centrifugation and flash-freezing in a dry ice-ethanol bath. RNA was prepared as previously described (25). cDNA generation was performed using SuperScript III (SSIII; Invitrogen) according to the manufacturer's instructions and purified with a PCR clean-up kit (Zymo Research). RNA purity was confirmed by PCR, and the concentration was assessed using an ND-1000 spectrophotometer (NanoDrop, Wilmington, DE).
Transcript analysis of cDNA. Establishment of fdhT and fdhU cotranscription was performed using cDNA generated from log-phase WT C. jejuni as described above. PCR with Taq polymerase was performed using combinations of primers A, B, C, and D, and bands were resolved by gel electrophoresis. qPCR of cDNA was performed with the SYBR green (BioRad) qPCR system using the primer pairs fdhT-q-Fw/fdhT-q-Rv, fdhA-qFw/fdhA-q-Rv, and rpoA-q-Fw/rpoA-q-Rv according to the manufacturer's instructions. Reactions were run with 4 ng of cDNA, 0.3 M concentrations of each primer, and 50% SYBR green mix per reaction. Increases in SYBR green fluorescence were measured using a Bio-Rad CFX96 C1000 real-time system thermocycler. The fold differences in amplifications between samples were calculated using the comparative threshold cycle (⌬⌬C T ) method as previously described (58) .
Construction and analysis of the C. jejuni DNA microarray. Construction of the DNA microarray was performed essentially as previously described (45) . In addition, open reading frames specific to strain 81-176 were included on the array using primers from Operon Technologies (Alameda, CA) designed with ArrayDesigner 2.0 (Premier Biosoft, Palo Alto, CA). All PCR products were purified with a Qiagen 8000 robot and the QIAquick 96-well Biorobot kit (Qiagen). Purified amplicons were spotted in duplicate onto Ultra-GAPS glass slides (Corning, Inc., Corning, NY) using an OmniGrid Accent (GeneMachines, Ann Arbor, MI). After printing, the microarrays were immediately UV cross-linked at 300 mJ using a Stratalinker UV Cross-Linker 1800 (Stratagene, La Jolla, CA) and stored in a desiccator. Prior to use, microarrays were blocked with Pronto! prehybridization solution (Corning, Inc.) used according to the manufacturer's specifications.
Gene expression comparison was performed indirectly by comparing the expression profiles of C. jejuni WT bacteria to ⌬fdhU and ⌬fdhU C strains separately on different slides (45) . Comparison between strains was done for cultures grown in shaking broth for 3, 6, 9, and 12 h in MH broth at 38°C. C. jejuni WT, ⌬fdhU, and ⌬fdhU C cDNA was labeled with Cy3-dUTP and mixed with Cy5-dUTP-labeled reference genomic DNA from strain C. jejuni 81-176 before being hybridized to the cDNA array. Arrays were scanned using an Axon GenePix 4000B microarray laser scanner (Axon Instruments, Union City, CA). The array was performed with two technical replicates per array for each time point. GenePix 4.0 software was used to process the spot and background intensity, and data normalization was performed to compensate for differences in the amount of template amount or unequal Cy3 or Cy5 dye incorporation as previously described (45) . GeneSpring 7.3 software (Silicon Genetics, Palo Alto, CA) was used to analyze normalized data, and a parametric statistical t test was used to determine the significance of the centered data at a P value of Ͻ0.05, adjusting the individual P value with the BenjaminiHochberg false discovery rate multiple test correction in the GeneSpring analysis package.
Gentamicin assay for adherence and invasion of host epithelial cells. Cells from the human intestinal cell line Caco-2 were acquired from the American Type Culture Collection and passaged in minimum essential medium (MEM; Gibco) supplemented with 20% fetal bovine serum (Gibco) and 1ϫ penicillin-streptomycin (Pen-Strep; Gibco). Caco-2 cells were grown in a humidified air incubator at 37°C with 5% CO 2 . Assessment of C. jejuni adherence and invasion into Caco-2 cells was performed essentially as previously described (25). Caco-2 cells were grown to semiconfluence and seeded into 24-well plates without Pen-Strep at 10 5 cells per well, followed by incubation for 24 h. Mid-log-phase C. jejuni grown with shaking overnight in MH broth were centrifuged and suspended in MEM at an optical density at 600 nm of 0.002 (ϳ10 7 C. jejuni/ml). A total of 1 ml of this suspension (multiplicity of infection [MOI] of ϳ100) was used to inoculate Caco2 cells. To assay "adherence and invasion," at 3 h after inoculation the cells were washed twice with 1 ml of MEM before the addition of 1 ml of distilled water. Caco-2 cells were disrupted by syringe lysis to recover C. jejuni and enumerated by plating on MH plates under standard C. jejuni growth conditions. Where noted, strains were also plated on MH plus 20 mM sodium sulfite. Sulfite-supplemented plates were made by adding a fresh stock of sodium sulfite immediately to liquid agar, with plates used within 24 h of being poured. To assess "invasion," at 3 h after the inoculation, fresh MEM containing 150 g of gentamicin/ml was added to each well for 2 h to kill the extracellular bacteria. The Caco-2 cells were washed three times with MEM and then lysed and plated as described above. To assess "intracellular survival," at 2 h after gentamicin treatment, the medium was removed and replaced with MEM containing 3% fetal bovine serum and 10 g of gentamicin/ml. The cells were incubated for 3 h, and the Caco-2 cells were washed three times with MEM and then lysed and plated as described above. All experiments utilizing the gentamicin protection assay were repeated a minimum of three times, with each strain assayed in triplicate in each experimental trial. The data shown are from a representative experiment, with similar findings consistently observed in each trial.
Processing of C. jejuni for confocal microscopy. Caco-2 cells were grown to semiconfluence and seeded onto glass coverslips (Fisher) at 1.5 ϫ 10 5 cells per well for 24 h. The Caco-2 cells were inoculated with mid-log-phase C. jejuni as described above at an MOI of 10 in MEM. Infection and gentamicin treatment were performed as described above. At the "adherence and invasion" and "invasion" time points, monolayers were washed twice with phosphate-buffered saline (PBS) before fixation with 4% paraformaldehyde (Canemco) in PBS. When noted, monolayers were treated with 0.1% Triton X-100 (Fisher) to permeabilize the cells. For immunofluorescence, the samples were blocked in 10% goat serum with 1% bovine serum albumin in PBS, washed three times with PBS, incubated with a 1:200 dilution of an anti-C. jejuni rabbit IgG antibody (U.S. Biologicals) in PBS, washed three times with PBS, incubated with a 1:500 dilution of anti-rabbit goat IgG antibody conjugated to Alexa 568 (Invitrogen) in PBS, and washed three more times with PBS. All of the samples used for microscopy were mounted using Prolong Gold Antifade with DAPI (Invitrogen). Imaging was performed with an Olympus Fluoview FV1000 laser scanning confocal microscope using FV10-ASW 2.0 Viewer software to adjust the images. For enumeration of green fluorescent protein (GFP)-labeled bacteria, six independent fields of view for each strain were counted. For permeabilization studies to differentiate between internalized versus extracellular bacteria, three fields of view containing ϳ50 Caco-2 cells apiece were visualized for each strain, with three independent experimental replicates. Since almost no bacteria were observed to react with the C. jejuni antibody without cell permeabilization for any strain (making statistical comparisons between mutant and WT strains difficult) and given the data shown in the sulfite recovery experiment, precise numerical analyses for this experiment were not performed.
Measurement of respiration rates by oxygen uptake. Assays for formate oxidation were performed as previously described (51) by measuring oxygen depletion using a Clarke-type oxygen electrode (model 5301; Yellow Springs Instruments), an O 2 meter, and a microcomputer. Calibration was performed with oxygen-saturated PBS as an upper baseline and sodium dithionate in PBS as a bottom baseline. Cell extracts were generated from 100 ml of C. jejuni grown for 16 h in shaking liquid culture. Bacteria were harvested at 10,000 rpm for 10 min and resuspended in PBS. The bacteria were washed three times with PBS, resuspended in 5 ml of PBS, and sonicated six times for 15 s each time. Unlysed cells and cellular debris were removed by centrifugation at 10,000 rpm for 15 min. The supernatant was removed and used as the cell extract and adjusted with PBS to bring all samples to the same protein concentration. A total of 1 ml of cell extract was added to the electrode and equilibrated at room temperature, after which formate dissolved in PBS was injected through the central pore to a final concentration of 12.5 mM. These experiments were repeated twice with identical results; the data shown are representative results from one experimental trial.
RESULTS
fdhT and fdhU are cotranscribed and selectively conserved in a range of bacterial species. The genomic organization of fdhT and fdhU (CJJ81176_1492 and CJJ81176_1493) is shown in Fig. 1A . To test whether fdhT and fdhU are cotranscribed, RT-PCR was performed on RNA isolated from C. jejuni strain 81-176 using primers annealing to specific regions within the predicted fdhT and fdhU coding regions (Fig. 1A) . When reverse transcriptase was included in the reactions, amplicons of the expected size, as determined by positive control PCRs using genomic DNA, were observed for primer sets both within fdhT (A and B) and fdhU (C and D) and also for primers spanning fdhT and fdhU (A and D) (Fig.  1B) . Amplicons were not observed using any of the fdhT or fdhU primers in combination with primers annealing to neighboring genes (not shown) or from control reactions without reverse transcriptase. This demonstrated that fdhT and fdhU are transcribed as a single operon.
In silico analyses of FdhU indicated that the entire predicted protein comprises a conserved domain found in the SirA/YedF/ YeeD superfamily of transcription regulators. SirA regulators in Salmonella spp. and Vibrio cholerae contain N-terminal phosphorylation and C-terminal DNA-binding domains and are ϳ220 amino acids (aa) in length, while FdhU is 76 aa. FdhU homology extends from aa 42 to 118 of SirA, lacking the canonical SirA DNA-binding domain but harboring an N-terminal CPxP motif thought to stabilize the first helix of the protein (46) . FdhU is closer in size and overall homology (24% identity, 47% similarity) to the ϳ81 aa E. coli SirA/YhhP/TusA proteins, one of which has been shown to be involved in tRNA modification (33). Nuclear magnetic resonance (NMR) studies of YhhP/TusA also indicate potential mRNA interaction domains (37). In silico analyses of FdhT predict a 402-aa, 10-transmembrane domain cytoplasmic membrane protein and a conserved domain of unknown function found in the YeeE/YedE family of proteins, which likewise have an unknown function (24, 46).
Although the in silico analyses of FdhT and FdhU described above revealed some conserved domains found in previously identified proteins, BLAST analyses revealed significant homology to a number of uncharacterized gene pairs in a variety of other bacterial species. Representative examples are shown in Table S4 in the supplemental material. Among the other Campylobacters, FdhT and FdhU were highly conserved in C. coli and C. fetus (88 and Table S4 in the supplemental material), as well as in many other species (data not shown for space considerations). In all observed cases, fdhT and fdhU were adjacent on the chromosome. The conservation of these two co-occurring genes in multiple different bacterial species suggested that FdhT and FdhU function in the same pathway or functional unit.
⌬fdhU and ⌬fdhT mutants exhibit apparent host cell adherence and/or invasion defects by CFU enumeration but not by direct microscopic counts of intracellular bacteria. To assess the importance of fdhT and fdhU in C. jejuni infection of epithelial cells, ⌬fdhT and ⌬fdhU mutant and complemented (⌬fdhT C and ⌬fdhU C ) strains were constructed in the invasive C. jejuni strain 81-176 as described in Methods. Both mutants exhibited WT behavior for motility, in vitro growth, and biofilm formation (not shown). Roles for fdhT and fdhU in adherence and invasion in intestinal epithelial cells were initially investigated with gentamicin protection assays, followed by host cell lysis and CFU enumeration of recovered C. jejuni. Caco-2 epithelial cells were infected with WT, ⌬fdhT, and ⌬fdhU strains for 3 h, after which bacteria from the "adherence and invasion" time point were harvested. After a subsequent 2-h gentamicin treatment, the cells were washed, and bacteria from the "invasion" time point were harvested. Significant defects were observed for both mutants at both time points (Fig. 2A) . Complementation (⌬fdhT C and ⌬fdhU C ) rescued these defects in both mutant strains ( Fig. 2A) .
A defect in CFU recovery from cells prior to addition of gentamicin may result solely from an adherence defect, which in turn will influence CFU recovery of invaded bacteria. To investigate whether these findings specifically reflected adherence defects, WT, ⌬fdhT, and ⌬fdhU strains were transformed with a plasmid carrying the green fluorescence protein (GFP) expressed from the strong constitutive atpF= promoter (44) to allow visualization by confocal microscopy. Caco-2 cells were grown on glass coverslips and infected with C. jejuni as described above; however, rather than harvesting for CFU enumeration, slides were washed and processed for microscopy as described in Materials and Methods. Direct counting of C. jejuni associated with Caco-2 cells showed no significant differences between the WT strain and the ⌬fdhT and ⌬fdhU mutant strains at either the "adherence and invasion" or the "invasion" time points (Fig. 2B) . This indicated that ⌬fdhT and ⌬fdhU were not defective for cell association. Table S1 in the supplemental material.
To further investigate whether ⌬fdhT and ⌬fdhU strains were capable of invading Caco-2 cells, the cells grown on coverslips were infected with C. jejuni expressing GFP as described above. While processing for confocal microscopy, the cells were either permeabilized with Triton X-100 or left unpermeabilized. Both permeabilized and unpermeabilized samples were then incubated with a rabbit anti-C. jejuni antibody, followed by a goat anti-rabbit antibody conjugated to Alexa 568. In unpermeabilized samples, only extracellular (adhered) bacteria react with the antibody (leading to yellow or red fluorescence depending on the level of GFP also being expressed), whereas all bacteria (adhered and invaded) fluoresce yellow/red in permeabilized samples. Confocal microscopy (a representative image is shown in Fig. 3 ; see Materials and Methods) showed that similar levels of WT, ⌬fdhT, and ⌬fdhU strains had invaded the Caco-2 cells (Fig. 3) . Furthermore, the majority of bacteria from all three strains were internalized even prior to gentamicin treatment (Fig. 3) . This indicates that ⌬fdhT and ⌬fdhU mutants are capable of proper adherence and invasion of host cells and suggests that the CFU data represent either a rapid decline in intracellular viability or a defect in recovery after host cell infection.
Transcript analysis reveals the downregulation of genes required for FDH activity in the ⌬fdhU mutant strain. The presence of a putative mRNA-binding domain found in the YedF family of proteins suggested that FdhU might influence mRNA levels of genes that in turn modulate cell infection phenotypes. RNA from WT, ⌬fdhU, and ⌬fdhU C strains was harvested from broth cultures over a growth time course to assess global mRNA changes in the ⌬fdhU mutant via microarray analyses. Only two genes, fdhA and fdhB, encoding subunits of the FDH complex, were significantly (Ͼ2-fold) dysregulated compared to the WT. Both genes were downregulated, with fdhA and fdhB displaying 3.4-and 10.5-fold lower levels of mRNA, respectively, in ⌬fdhU strains compared to the WT (P Ͻ 0.001 for both genes) at the 3-h time point. More modest downregulation was observed at later time points, and WT expression levels were restored in the complemented strain (not shown).
Microarray results for fdhA were confirmed by RT-qPCR using rpoA as an internal control as previously described (64) . RT-qPCR revealed an 8.7-fold reduction of fdhA mRNA in the ⌬fdhU mutant and a 9.2-fold-reduction in the ⌬fdhT mutant (Fig. 4) . fdhA expression was restored to WT levels in the ⌬fdhU C and ⌬fdhT C complemented strains (Fig. 4) . RT-qPCR also showed that FdhU affects transcript levels of its own operon, with the ⌬fdhU mutant exhibiting 1.7-fold-higher mRNA levels of fdhT than the WT and complementation restoring WT mRNA levels. An fdhT promoterluciferase reporter construct also displayed 3-fold-higher activity in an ⌬fdhU background compared to the WT over 9 h of growth (data not shown). RT-qPCR investigating fdhU mRNA levels in ⌬fdhT confirmed that the kanamycin resistance cassette used to disrupt fdhT did not interfere with transcription of fdhU and in fact showed a modest increase in fdhU mRNA levels compared to the WT (data not shown). fdhU is required for respiration-dependent oxygen consumption using formate as an electron donor. To test whether disruption of fdhU impacted FDH function, respiration was measured using formate as an electron donor. An ⌬fdhA mutant constructed as described in Materials and Methods was used as a control. WT, ⌬fdhU, ⌬fdhU C , and ⌬fdhA strains grown to midlog phase were used to prepare cell extracts, and respiration-dependent oxygen consumption was measured using a Clark-type electrode. In WT and ⌬fdhU C strains, the addition of 12.5 mM sodium formate resulted in an immediate decrease in soluble oxygen (Fig. 5) . In contrast, ⌬fdhU and ⌬fdhA displayed no decrease in oxygen levels. This indicates that disruption of fdhU leads to a severe defect in FDH activity.
The ⌬fdhA mutant displays cell infection phenotypes similar to those of the ⌬fdhU mutant. Since the only genes significantly dysregulated in ⌬fdhU were fdhA and fdhB, we hypothesized that the dramatic effect of FdhU on FDH activity (Fig. 5 ) might also account for the apparent adherence and/or invasion defects observed by CFU enumeration of the ⌬fdhU mutant after host cell infection. To test this, Caco-2 cells were infected with WT, ⌬fdhU, ⌬fdhA, and ⌬fdhU ⌬fdhA strains (constructed as described in Materials and Methods) and subjected to a gentamicin protection assay, followed by CFU enumeration of bacteria as described above. All three mutants were defective at both the "adherence and invasion" and "invasion" time points (Fig. 6A) . Although the double mutant was slightly more defective than either single mu-FIG 2 ⌬fdhU and ⌬fdhT mutant strains display defects for adherence and/or invasion of Caco-2 cells by CFU analysis but not for Caco-2 cell association by microscopy-based counting of GFP-expressing strains. C. jejuni wild-type (WT), ⌬fdhU, ⌬fdhT, ⌬fdhU C , and ⌬fdhT C strains were used to infect Caco-2 cells and assayed for "adherence and invasion" (3-h infection; gray bars) or "invasion" (3-h infection, 2-h gentamicin treatment; white bars) using a gentamicin protection assay. (A) Adherence and invasion were assessed by CFU enumeration of bacteria on MH plates. Statistically significant differences (P Ͻ 0.05) are denoted by an asterisk (*) above the line connecting the indicated strains. (B) Enumeration of C. jejuni associated with Caco-2 cells grown on glass coverslips was performed by counting GFP-expressing C. jejuni associated with Caco-2 cells using an Olympus Fluoview FV1000 laser scanning confocal microscope. NS, no statistically significant differences between the indicated strains. tant at the "adherence and invasion" time point, the differences between the strains were not statistically significant. The nearly identical and likewise nonstatistically significant defects at the "invasion" time point for ⌬fdhU, ⌬fdhA, and ⌬fdhU ⌬fdhA in particular suggest that FdhU and FdhA function in the same pathway. An ⌬fdhA strain expressing GFP was also constructed and used to infect Caco-2 cells for analysis by confocal microscopy (Fig. 6B) .
Equivalent numbers of WT and ⌬fdhA bacteria were associated with Caco-2 cells at both time points, suggesting no defect in cell association.
Supplementation of recovery plates with sulfite enhances CFU counts of C. jejuni following host cell infection and leads to equivalent recovery of WT, ⌬fdhU, and ⌬fdhA strains. Finally, we wanted to reconcile whether the apparent CFU-based adher-FIG 3 ⌬fdhU and ⌬fdhT mutants are not defective for invasion into Caco-2 cells. C. jejuni wild-type (WT), ⌬fdhU, and ⌬fdhT strains expressing GFP were used to infect Caco-2 cells in a gentamicin protection assay as described for Fig. 2B . The "adherence and invasion" time point is shown in panel A, and the "invasion" time point is shown in panel B. To differentiate between extracellular and intracellular bacteria, C. jejuni were either permeabilized with Triton X-100 (ϩtriton-X100) or not permeabilized (ϪTriton-X100), labeled with an anti-C. jejuni antibody, and visualized using a secondary antibody labeled with Alexa 568 (red). Caco-2 cell nuclei were stained with DAPI (blue).
ence and/or invasion defects of ⌬fdhT, ⌬fdhU, and ⌬fdhA mutant strains following infection of Caco-2 cells reflected a decline in intracellular survival or a decreased ability to resume growth after liberation from the intracellular environment. We hypothesized that mutants defective for FDH activity may be as viable as the WT strain in the intracellular environment but may require postinfection supplementation with an alternative electron donor to enhance recovery in vitro. Since sulfite is one of the only known C. jejuni electron donors that is not likely to feed into other metabolic pathways, and since C. jejuni's sulfite utilization system was previously suggested as potentially important in low-oxygen conditions (51) as would be encountered inside cells, we decided to test this hypothesis using recovery plates supplemented with 20 mM sodium sulfite. Caco-2 cells were infected with WT, ⌬fdhU, and ⌬fdhA strains and assayed for CFU recovery using a gentamicin protection assay as described above. In addition to the "adherence and invasion" and "invasion" time points, we also assessed an "intracellular survival" time point (3 h of infection, 2 h of gentamicin treatment, and 3 h of additional incubation with fresh tissue culture medium). Recovered C. jejuni CFU were enumerated by counting on MH agar plates with or without 20 mM sodium sulfite. On plates supplemented with sulfite, no significant differences in CFU recovery were observed between the WT, ⌬fdhU, and ⌬fdhA strains at any time point (Fig. 7A) . This result was in contrast to plating on MH medium alone which, as expected, showed significantly lower recoveries of ⌬fdhU and ⌬fdhA strains compared to the WT at all time points except the inocula. Unexpectedly, the recovery of WT C. jejuni on sulfite-supplemented plates was ϳ5-fold higher at the "invasion" time point and ϳ11-fold higher at the "intracellular survival" time point compared to plating on unsupplemented MH medium, with even more dramatic differences seen for the mutant strains (Fig. 7) . Enhanced recovery of the WT on supplemented versus unsupplemented plates was not observed for the inoculum or at the "adherence and invasion" time point, nor were the mutant inocula enhanced for recovery on supplemented plates. Plating C. jejuni on MH medium supplemented with 10 mM sodium formate yielded no significant differences in the recovery of any strain compared to plating on MH medium alone (not shown). Collectively, this suggests that each apparent defect for the ⌬fdhU and ⌬fdhA mutants observed by CFU enumeration on MH medium was due to postinfection recovery and not to defects in adherence, invasion, or intracellular survival. Enhanced recovery of all strains on sulfite-supplemented plates further suggests that C. jejuni undergoes metabolic changes inside host cells.
DISCUSSION
It has been established that C. jejuni can invade epithelial cells and persist in an intracellular compartment (15, 40, 46, 65, 80, 86) . To date, however, it is poorly understood how C. jejuni survives intracellularly, and what genes and factors are important for the transition back to an extracellular lifestyle. Work by our group and others has identified roles for various regulators in adherence, invasion, and/or intracellular survival (3, 23, 25, 29, 46) , indicating the importance of transcript modulation during these transitions. We also previously found, using a microarray-based screen, that several genes upregulated in C. jejuni during infection of host cells were required for various aspects of the pathogen-host cell interaction (25, 42, 71 ). An operon we have designated fdhTU was also identified in that screen, leading to the hypothesis that FdhT and FdhU may be important for an aspect of bacterial physiology involved in epithelial cell interactions.
Precise roles for FdhT and FdhU could not be assigned from in silico analyses. However, structural similarity suggested that FdhT is an inner membrane transport protein, and the presence of a CPxP motif potentially involved in mRNA interactions (37) and
FIG 4
The fdhABC and fdhTU operons are dysregulated in ⌬fdhU and ⌬fdhT mutant strains. RT-qPCR of fdhA (s) and fdhT (ᮀ) was used to assess the expression in various mutant and complemented strains. Fold differences in mRNA levels between mutant and wild-type (WT) strains were calculated using the ⌬⌬C T method and normalizing to rpoA. Statistically significant differences (P Ͻ 0.05) are denoted by an asterisk (*) above the line connecting the indicated strains. jejuni growth conditions to late exponential phase, resuspended in PBS, sonicated, and centrifuged to make a cell extract that was assayed for formate-linked oxygen depletion using a Clark-type oxygen electrode. Arrows denote the addition of sodium formate to a total concentration of 12.5 mM. modest similarity to a protein involved in tRNA modification (33) suggested that FdhU may play a regulatory role. Indeed, significantly reduced levels of fdhA and fdhB mRNA were observed in the ⌬fdhU strain by both microarray and RT-qPCR analysis. Correspondingly, FdhU was shown to be crucial for FDH activity, as fdhU deletion caused a severe defect in oxygen-dependent respiration with formate as an electron donor.
FDH activity is tightly regulated in other bacteria. In E. coli, formate dehydrogenase operons are differentially regulated by anaerobiosis, pH, nitrate, and formate levels (22, 48, 79) . FDH gene expression is regulated by H 2 in Methanococcus maripaludis (82) and by formate in Desulfovibrio vulgaris (88) . In C. jejuni, fdh genes have been shown to be upregulated in an animal model of infection and downregulated in gastric fluid (62, 70) , but specific inducing/repressing signals have not been determined. Transcriptional regulators binding directly upstream of FDH operons have also been identified in other bacteria (54, 79) , but homologs are not present in C. jejuni. An independent concurrent study by Shaw and coworkers (67) using two different C. jejuni strains demonstrates a requirement for selenium in C. jejuni FDH activity, confirms the importance of FdhTU for FDH function, and suggests that FdhTU modulates FDH-and possibly its expression-via import of selenium which is then, via the Sel pathway, converted to selenocysteine which is required for FdhA synthesis (67) . In some organisms, selenium availability has been postulated to affect mRNA stability (47) ; future work will determine whether this is the case in C. jejuni and also shed light on specific mechanisms by which FdhU affects transcript levels of FDH-related genes. The conservation of FdhTU among a variety of bacterial species, as well as its absence from others, may also reflect a novel metabolic regulatory mechanism required for navigation through specific niches.
Disruption of fdhT, fdhU, and fdhA and assessments of Caco-2 cell adherence and invasion by gentamicin protection assays initially yielded contradictory CFU versus microscopy findings which were reconciled by supplementing postinfection recovery plates with sulfite. For instance, each mutant strain appeared defective for adherence and/or invasion when assessed by CFU recovery on MH medium. However, similar assays with GFP-expressing strains followed instead by confocal microscopy showed no difference in the number of cell-associated C. jejuni between WT and mutant strains. Immunofluorescent staining of extracellular versus intracellular C. jejuni further showed that ⌬fdhU and ⌬fdhT mutants could invade Caco-2 cells at WT levels. This experiment also suggested that negligible numbers of cell-associated C. jejuni were extracellular. While these findings differ from numerous previous reports showing higher numbers of adhered versus invaded C. jejuni using the classic gentamicin protection assay, they are in agreement with more recent work from other groups suggesting that even at time points traditionally assayed to represent "adherence," the majority of recovered C. jejuni have invaded and/or subvaded cells (78, 80) . It should be noted that some extracellular bacteria may be washed off during the confocal microscopy processing steps (i.e., fixation, antibody washes, etc.), and that our methodologies cannot discriminate between invaded and subvaded bacteria. However, it is also possible that the majority of C. jejuni are internalized at the "adherence" time point but then lose viability or culturability by the traditional "invasion" time point. Double mutant analysis, together with data showing defective FDH activity in the ⌬fdhU mutant, suggests that the loss of FDH function likely accounts for the ⌬fdhU CFU recovery phenotype, although additional effects from potential dysregulation of other genes cannot be completely discounted. Our findings showing equal recovery of fdh mutant and WT strains on sulfite-supplemented plates ultimately led us to conclude that the mutants in fact have no obvious defects in adherence, invasion, or intracellular survival but rather a defect compared to the WT strain for post-cellinfection recovery on unsupplemented MH agar.
In addition to equalizing CFU recovery for the fdh mutants compared to the wild type, we found that sulfite supplementation dramatically enhanced the recovery of all assayed C. jejuni strains after liberation from the intracellular environment. This suggests that C. jejuni undergoes metabolic changes when it is intracellular, which is consistent with previous work demonstrating that anaerobic incubation of C. jejuni upon liberation from epithelial cells
FIG 6
The ⌬fdhA mutant displays a defect for adherence and/or invasion of Caco-2 cells by CFU analysis but not for Caco-2 cell association as determined by microscopy-based counting of GFP-expressing strains. C. jejuni strains were used to infect Caco-2 cells and assayed for "adherence and invasion" (3-h infection [s]) or "invasion" (3-h infection, 2-h gentamicin treatment [ᮀ]) using a gentamicin protection assay. (A) Adherence and invasion for wild-type (WT), ⌬fdhA, and ⌬fdhU ⌬fdhA strains were assessed by CFU enumeration of bacteria on MH plates. Statistically significant differences (P Ͻ 0.05) are denoted by an asterisk (*) above the line connecting the indicated strains. (B) Enumeration of wild-type (WT) and ⌬fdhA C. jejuni associated with Caco-2 cells grown on glass coverslips was performed by counting GFP-expressing C. jejuni associated with Caco-2 cells using an Olympus Fluoview FV1000 laser scanning confocal microscope. NS, no statistically significant differences between the indicated strains.
can also enhance CFU recovery (80) . C. jejuni has a branched respiration system and is able to use a wide range of compounds as electron donors and acceptors (26, 30, 56, 76, 81) . Furthermore, formate, sulfite, and hydrogen gas are abundant as by-products of commensal bacterial fermentative metabolism, from normal metabolism of amino acids, and as food additives (12, 17, 77) . This suggests that both the metabolic potential and the role(s) of various dehydrogenases for C. jejuni in vivo may be very complex. Shifts in metabolic potential during intracellular survival have been observed in other bacteria (i.e., as reviewed in references 18 and 21). Specific examples include S. flexneri and S. enteric serovar Typhimurium, which downregulate the Krebs cycle (43) and upregulate the arginine importer ArgT (13), respectively. Numerous changes also occur in intracellular Mycobacterium tuberculosis, including enhanced lipid metabolism, cell wall synthesis, and iron uptake and downregulation of the ATP synthesis systems (50, 66) . Although future work will be required to elucidate why sulfite supplementation yielded significant increases in C. jejuni culturability after cell infection and whether this effect is specific to sulfite, our data do indicate that enumeration of intracellular C. jejuni via CFU counts following gentamicin protection assays may result in an underestimation of viable intracellular organisms.
We have identified a novel operon required for proper expression and function of FDH and demonstrated the importance of both FdhTU and FDH in recovery following epithelial cell infection. To the best of our knowledge, these are the first proteins shown to impact this aspect of the C. jejuni-host cell interaction. Our findings likely have implications for C. jejuni-host cell interactions in vivo as well, the elucidation of which will be the focus of future study, and further support the need to better understand survival and metabolic strategies of bacterial pathogens, particularly for organisms such as C. jejuni that lack canonical virulence factors. This generally emerging theme also applies to other pathogens, since increased understanding of metabolic changes during intracellular existence may yield insights into new treatment strategies.
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